Magmatic underplating at the base of the continental crust is thought to be an important consequence of mantle plume activity. Geochemical evidence supports the hypothesis of underplating beneath the British Tertiary Igneous Province during Palaeocene times, a process that has been invoked to explain at least part of the observed pattern of Cenozoic denudation and consequent offshore deposition. This study uses receiver functions to independently test the results of modelling of four wide-angle seismic lines across the British Isles, several of which indicate the presence of a lens of high-velocity material at the base of the crust. This lens has been interpreted as evidence of Palaeogene magmatic underplating. Receiver functions were calculated for three permanent and two temporary three-component broad-band seismometers. In order to detect P-to-S conversions from intracrustal velocity discontinuities, high frequencies were preserved in the calculation of the receiver functions. Receiver functions were modelled using the delay times of the P-to-S converted arrivals only, with constraints on the V P and V P /V S structure imposed from controlled source data. This pragmatic method of interpreting receiver function data agrees well with the results of applying an established inversion technique. Resulting crustal velocity models are broadly consistent with the velocity models from the wide-angle lines, showing evidence for a four-layer crust with laterally varying Moho depths of between 33 ± 2.5 km beneath southwest Ireland, 32 ± 2.5 km beneath northern and eastern Ireland, 31 ± 2 km beneath the Isle of Man and 35 ± 3 km beneath northern England. While these velocity models are consistent with the presence of a lower crustal layer, receiver functions are insensitive to the P-wave velocity structure, and so unfortunately they cannot be used to independently constrain the P-wave velocity of the lower crust, which is an important diagnostic of the presence of magmatic underplating.
I N T RO D U C T I O N
The aim of this paper is to compare the results of modelling the crustal velocity structure of the British Isles from results of wideangle experiments conducted over the last three decades with new receiver function data. Of particular interest is the extent to which receiver function data can independently test the results of several wide-angle experiments which suggest the presence of a highvelocity layer at the base of the crust which has been interpreted as igneous material from magmatic underplating that is inferred to have occurred during Palaeocene mantle plume related magmatism (e.g. Al-Kindi et al. 2003) .
Wide-angle seismic surveys
The crustal velocity structure of the British Isles region is best determined by modelling wide-angle seismic lines which have been shot over the last 30 years (see review by Clegg & England 2003) . While there is good evidence of an underplated layer from several wide-angle seismic lines crossing the North Atlantic continental margin (Fowler et al. 1989; Barton & White 1997; Richardson et al. 1999) , the seismic evidence for underplating beneath the British Isles is less conclusive. Several of the wide-angle models from the British Isles feature high P-wave velocity rocks (V P = 7.0-7.8 km s −1 ) at the base of the crust. Al-Kindi et al. (2003) remodelled data from the CSSP/ICSSP wide-angle experiment, and found evidence for a lower crustal lens with velocities of 7.2-8.0 km s −1 , 8 ± 1.6 km thick in its thickest part beneath the Irish Sea, which pinches out close to the North Sea coast of northeast England and approximately half way across Ireland (Fig. 1) . Velocities up to 7.2 km s −1 were modelled by Barton (1992) along the LISPB line, beneath the Midland Valley of Scotland (Fig. 1) . However, where the LISPB and CSSP/ICSSP lines intersect, the models of Barton (1992) and Al-Kindi et al. (2003) do not agree well, with a discrepancy of the lower crustal P-wave velocity between 6.9 km s passing through it. Nevertheless this large discrepancy needs to be satisfactorily resolved. The VARNET B velocity model of Masson et al. (1998) shows the presence of high-velocity material (up to 7.5 km s −1 ) just above the Moho, which passes gradationally upwards into more normal lower crustal velocities.
Receiver functions are most sensitive to S-wave velocity structure, but wide-angle seismic experiments generally only yield information on the P-wave velocity structure, so knowledge of the V P /V S ratio of the crust is important when attempting to compare the results of these two techniques. Three independent studies give estimates of the V P /V S of the crust in the British Isles region. The BIRPS WISPA (Weardale Integrated S-and P-wave Analysis) experiment consisted of the collection of three short (<8 km) deep seismic reflection lines shot using both S-and P-wave sources and receivers located above the Weardale Granite, County Durham (Ward et al. 1991 see Fig. 1 for location). This experiment enabled the V P /V S ratio of the crust to be determined. The results gave an average V P /V S of the whole crust of 1.70 ± 0.03, but it was found that the upper and mid crust has a lower V P /V S of 1.64 ± 0.02, whereas the reflective lower crust has an average V P /V S of 1.85 ± 0.05, apparently increasing from 1.78 to 1.96 with depth. Al-Kindi (2002) reports observed S-wave arrivals from lower crustal turning rays in the CSSP/ICSSP experiment, which imply a comparable V P /V S of 1.9 ± 0.05 for the lower crust beneath Ireland and the Irish Sea. Such high V P /V S ratios are consistent with rocks with a mafic composition (Ward et al. 1991; Weiss et al. 1999) . Price & Morgan (2000) modelled S-wave refractions and wide-angle reflections recorded on an eastwest wide-angle seismic line offshore northern Scotland (ORKNEY-92; see Fig. 1a for location). They found an average crustal V P /V S of 1.72, with no evidence for a high V P /V S lower crustal layer.
Igneous underplating
The British Tertiary Igneous Province is one of the best studied examples of a continental area affected by mantle plume magmatism and, thanks to extensive deep reflection and wide-angle seismic surveying over the past few decades, the encompassing region has a relatively well-known crustal structure compared with most other parts of the world. However, the effect of Palaeocene magmatism on the crustal structure is still poorly understood.
Several independent lines of evidence show it is probable that surface magmatism was accompanied by magmatic underplating (i.e. the solidification of melt trapped within the lower crust in magma chambers or sills). The geochemistry of surface igneous rocks predicts the existence of fractionated melt trapped at pressures equivalent to the base of the crust (Thompson 1974; Cox 1980; White & McKenzie 1989; Brodie & White 1994; Maclennan & Lovell 2002) . Crustal thickening by emplacement of several kilometres of underplated material to cause uplift and erosion has been invoked to explain the observed pattern of Cenozoic denudation of the British Isles, which reaches a maximum of 1.5-3 km, centred around the East Irish Sea and Cheshire basins (Fig. 1a; Brodie & White 1994; White & Lovell 1997) . Better knowledge of the extent and distribution of magmatic underplating would aid in the determination of the importance of this process during plume-related magmatism, which in turn has implications for our understanding of mantle convection, mantle-melting processes and the interaction of mantle melts with the crust.
Receiver functions
Analysis of receiver functions calculated from three-component seismometers have been used by several workers to infer the firstorder crustal velocity structure at various locations in the UK. Asencio et al. (2003) calculated receiver functions using data from one temporary broad-band seismometer array and two permanent short-period stations located in the north of Scotland. Their resulting first-order crustal and upper mantle models are consistent with deep seismic reflection lines from the area, with a crustal thickness of 24-26 km and a mantle reflection at depths of between 39 and 48 km at each station. Tomlinson et al. (2003) calculated receiver functions for 10 permanent BGS short-period seismometers across northern Britain. Of particular relevance to this study are their results from station GIM on the Isle of Man, from which they interpreted a crustal thickness of 30 km. They found strong azimuthal variation in structure, with evidence for a mantle converter at ∼45 km and an anomalous double peaked PpPs Moho multiple from northerly backazimuths. They attributed this apparently complex structure to the station's proximity to the Iapetus Suture.
The main advantage of the use of receiver function technique for determining crustal structure is that it is relatively cheap and simple to collect the data in comparison with shooting wide-angle seismic surveys. The main drawback, however, is a lower resolution due to the longer teleseismic wavelengths used, and problems with strong velocity-depth trade-offs. Using receiver functions it is difficult to accurately constrain internal crustal structure. The principal aim of this study is to test the extent to which receiver functions may be used to constrain the crustal velocity structure, and to see how the results from receiver functions compare with wide-angle models. Of particular interest is investigating the usefulness of this method to test for the presence of magmatic underplating.
Figs 1(c) and (d) show synthetic receiver functions calculated at intervals along the CSSP/ICSSP wide-angle velocity model of Al-Kindi et al. (2003) . Fig. 1(c) shows that it is potentially possible to resolve the top and base of such an underplated layer using receiver functions, provided that high frequencies are not filtered out during the receiver function calculation. The top and base of the underplated layer are resolvable as separate Ps peaks occurring between 3 and 4 s, when the thickness of the underplate exceeds around 5 km. The separation of the multiple phases arriving between 10 and 20 s is also apparent. However, Fig. 1(d) shows that if the top of the underplated layer is characterized by an increase in V P /V S as well as an increase in V P , the change in V S at the top of the layer would be small, resulting in no strong phase conversion from the top of the layer.
We use data from three permanent and two temporary threecomponent broad-band seismic recording stations to compare the crustal velocity models obtained from modelling of receiver functions with velocity models obtained from nearby wide-angle seismic lines (Fig. 1a) . We retain the highest frequencies possible in the receiver function calculation to allow converted wave phases from intracrustal layers to be detected. The advantage of using broad-band seismometers rather than short-period instruments, which have been used in previous studies, is that the calculated receiver functions are more stable due to the broader frequency range, and do not suffer from negative side lobes which often flank positive peaks in receiver functions derived from short-period data (Tomlinson et al. 2003) . Fig. 2 shows the primary phases, which are detectable on receiver functions and introduces the nomenclature used here. Notice that in Fig. 2(d) , the Ps crustal and Ps Moho phases can only be distinguished when high frequencies are preserved in the receiver function calculation (Gaussian width, a > ∼ 3 s −1 ). In the example shown in Fig. 2(d) , it is also clear that the presence of crustal phases can interfere with Moho phases, in this case the amplitude of the PpPs Moho phase is reduced by destructive interference with the PpSs crustal + PsPs crustal phases.
C A L C U L AT I N G R E C E I V E R F U N C T I O N S
Receiver functions have been calculated for three permanent threecomponent, broad-band stations: ESK (Eskdalemuir, Southern Uplands of Scotland), DSB (Dublin, Ireland) and VAL (Valentia, SW Ireland) and for two temporary three-component, broad-band stations: IOM (Isle of Man) and GNP (Donegal, Ireland). See Fig. 1 for locations. Seismogram data for events larger than magnitude 6 and which were found to produce consistent and stable receiver functions were used in the analysis. Receiver functions were calculated using the method of Ammon (1991) , which is a modification of that of Langston (1979) . First, the two horizontal component seismograms are rotated to give radial and transverse seismograms. The radial and transverse receiver functions are then calculated by deconvolving the vertical component seismogram, D V (ω) from the radial, D R (ω) and transverse, D T (ω) components, respectively, in the frequency domain. The radial receiver function is given by
where
and
is the complex conjugate of D V (ω). Low-pass filtering is carried out by convolving the receiver function with a Gaussian function, G(ω), whose width, a, controls the frequency content of the filtered function. All receiver functions were calculated using a Gaussian limit, a = 5 s −1 . The filter can be quantified by stating the frequency at which it has a value of 0.1 (the 90 per cent cut-off frequency). A Gaussian filter of a = 5 s −1 has a 90 per cent cut-off at 2.4 Hz (i.e. receiver functions are sensitive to wavelengths as short as about 1 km). The true receiver function amplitudes are maintained by dividing the receiver functions by the maximum amplitude of the vertical deconvolution. At this stage, a water-level method is employed to fill in spectral troughs and avoid division by very small numbers. A water level parameter, c = 0.0001 was used throughout as this value was found to produce stable receiver functions. Fig. 3 shows calculated radial and transverse receiver functions for the five stations, plotted as a function of backazimuth to the corresponding event. The P-to-S conversion from the Moho (Ps Moho) is generally clearly visible as the highest amplitude peak after the Figure 2 . Principal phases which appear on receiver functions, illustrated for simple single-layer crust (a) and crust containing an intracrustal interface (c). S waves are denoted using dashed lines, P waves using solid lines. The corresponding synthetic receiver functions are shown calculated using a range of low-pass Gaussian frequency filters; Gaussian widths (a) of 1, 2, 3, 4 and 5 s −1 , corresponding to low-pass filters with 90 per cent cut-offs of 0.5, 1.0, 1.5, 1.9 and 2.4 Hz, respectively, (quantified as frequency at which gain of filter = 0.1).
R E S U LT S
direct P arrival, arriving at a delay of between 3 and 5 s on all receiver functions for each station. Between the direct P arrival (at 0 s) and the Ps Moho peak are additional arrivals which have lower amplitude and are less continuous. Where these arrivals are strongest and consistent over a range of backazimuths they have been interpreted as being P-to-S conversions from intracrustal layers. Probable multiple phases from the Moho and intracrustal converters are observed arriving after the Ps Moho arrival, but these are weaker and less continuous than Ps Moho.
The Ps Moho phase is clearly visible on the ESK radial receiver functions at all backazimuths (Fig. 3a) . It occurs at a delay time of approximately 3.9 s at easterly and westerly backazimuths, and shifts to a slightly later delay time, and becomes a doublet at northerly backazimuths. A simple interpretation of this pattern is that the Moho could be deeper at northern backazimuths.
Peaks which most likely are due to Ps phases from intracrustal conversions occur between the direct P arrival (at 0 s) and the Ps Moho peak. The number, timing and strength of these apparent Ps crustal phases change in character at different backazimuths, with three coherent peaks at westerly backazimuths, one peak at easterly backazimuths, and no coherent intracrustal peaks at northerly backazimuths. This variation suggests some degree of lateral variation in velocity structure beneath ESK. The most consistent of the intracrustal peaks with varying backazimuth is the peak at ∼2 s, which is present at all but the noisiest receiver functions from northerly backazimuths. The peaks at ∼1.2 s and ∼2.8 s do not appear at all backazimuths, suggesting that they may not represent laterally continuous layers extending beneath the station in all directions, or that conversions from laterally continuous layers are only detected at certain backazimuths. Coherent arrivals are also observed on the radial receiver functions at delay times greater than that of the Ps Moho peak. These could either represent Ps conversions in the mantle or multiple phases from reverberations within the crust.
The ESK transverse receiver functions show some coherent and relatively high amplitude peaks that indicate the presence of 3-D velocity structure and/or anisotropy in the region up to around 30 km from the station. Peaks on transverse receiver functions occur at delay times of up to 15 s, showing that 3-D and/or anisotropic effects probably persist throughout the crust into the lithospheric mantle. This effect is clearly identifiable for northerly backazimuths where transverse receiver function amplitudes are largest and correlate with the noisiest radial receiver functions. Polarity reversals of transverse peaks as a function of backazimuth also occur. For example, at 0 s, the polarity is mostly positive between −100
• and 20
• and negative between 20 • and 140 • . A dipping or anisotropic layer at some depth beneath the station will produce a peak on the transverse receiver function at 0 s and at the corresponding Ps delay time of the layer. For simple structures changes in polarity of transverse energy can be used to distinguish dipping from anisotropic structures; the 0 s transverse energy varies in polarity with backazimuth with different periodicities (Cassidy 1992; Levin & Park 1997) . The pattern of changes in polarity of the ESK transverse receiver function 0 s peak are consistent with the presence of at least one interface dipping to the north, at some depth beneath the station. A simple velocity structure with a single interface dipping northwards would result in a variation with backazimuth of the 0 s transverse receiver function peak polarity with a 360
• period, and positive 0 s peaks at westerly backazimuths and negative peaks at easterly backazimuths. Such a pattern is consistent with the observed receiver functions, though relatively poor sampling at southerly backazimuths does not preclude the possibility of a polarity variation with a period of 180
• , characteristic of the presence of an anisotropic layer. However, there is substantial energy on the transverse receiver functions for the first few seconds, forming several peaks, meaning that the structure cannot simply contain one dipping or anisotropic layer and is more complex. That aspects of the receiver functions are consistent with northward-dipping structures in the crust may be explained in part by the proximity of the station to the northward-dipping Iapetus Suture ( Fig. 1 ), which may have imparted a northward-dipping structural grain to the crust. Analysis of 3-D structure and/or anisotropy beneath ESK would be informative but would not materially affect our conclusions. ESK receiver functions from backazimuths of between −120
• and −60
• were stacked together for more detailed analysis (Figs 3 and 4). The choice of this backazimuthal range was made because the radial receiver functions from these backazimuths show consistent and strong crustal and Moho Ps arrivals and the transverse receiver functions are relatively low amplitude, indicating the presence of relatively simple, 1-D velocity structure beneath the station at the chosen range of backazimuth. It should be noted that receiver functions from the chosen backazimuthal range, though the most consistent and with good signal to noise ratios, are not necessarily representative of all backazimuths. To address this issue, we have stacked receiver functions from all backazimuths and from subsets of other azimuths. The results demonstrate that the ∼2 s Ps crustal and ∼3.9 s Ps Moho peaks are well resolved over most backazimuths, albeit broadened: the ∼1.2 s and ∼2.8 s peaks are well resolved only at westerly backazimuths, with the ∼1.2 s peak being the more continuous of these two peaks. Any conclusions made about the finer crustal structure beneath ESK based on the stacked receiver function are only applicable to these westerly backazimuths, where three Ps crustal peaks and the Ps Moho peak are clearly seen.
On the DSB radial receiver functions (Fig. 3b) , the Ps Moho phase is the peak arriving at a delay of approximately 3.5 s, and is seen on most of the receiver functions. Between about 0
• and 40
• there are three consistent peaks which arrive between the direct P arrival and the Ps Moho arrival, which probably represent Ps crustal conversions. Also between about 0 • and 40
• , there is a consistent peak at around 13 s, which is probably the PpPs Moho multiple. Other consistent arrivals between this peak and the Ps Moho peak are either multiple phases from intracrustal interfaces or possibly Ps conversions from within the mantle. At other backazimuths there are no clear, consistent Ps crustal arrivals, and so the 0
• to 40 • backazimuthal range was chosen for stacking and further analysis. The DSB transverse receiver functions show positive peaks at 0 s between about −110
• and 70
• , and negative peaks at other backazimuths. This pattern suggests the presence of velocity structure dipping towards the ENE. Most of the rest of the energy in the transverse receiver function is restricted to the first 2.5 s, and the Ps Moho peak does not appear, suggesting the Moho is flat and that any dipping structures may be confined to the upper crust. As before, our criterion for selecting limited backazimuthal ranges is based on our ability to detect intracrustal phases. When all receiver functions are stacked, the Moho phase occurs at the same time but its peak broadens and intracrustal phases become degraded.
On the 14 IOM radial receiver functions (Fig. 3c ), the Ps Moho peak appears at approximately 3.5 s, and there are consistent Ps crustal phases. There are too few receiver functions, from too limited a backazimuthal range, to draw any firm conclusions about 3-D structure beneath this station. On the eight stable GNP radial receiver functions (Fig. 3d) , the Ps Moho peak is rather weak, but identifiable at a delay time of between 3 and 4 s. Some coherent Ps crustal phases are also present. On the VAL radial receiver functions (Fig. 3e) , the Ps Moho arrivals are identifiable at about 3.5 s at western and eastern backazimuths, but become weak at northerly backazimuths. At least one consistent peak appears between the direct P and the Ps Moho peaks again at western and eastern backazimuths, probably representing a Ps crustal conversion. There is little coherent energy in the transverse receiver functions, and generally no pronounced peaks at 0 s. This observation suggests the presence of a relatively 1-D crustal velocity structure. Fig. 4 shows the stacked radial and transverse receiver functions from backazimuthal ranges selected to contain the most consistent and noise-free receiver functions. The number of receiver functions stacked together varies between stations. Only these stacked receiver functions are used in subsequent modelling, to make generalizations about the assumed 1-D velocity structure beneath each station. The receiver functions show obvious variation with backazimuth and so the assumption of 1-D velocity structure is a large simplification. No migration of the seismograms to a common epicentral distance was applied before stacking since the time-shift of the Ps arrival for the size of the stacking bins we have used is 0.05±0.01 s. Considering the sample rate and noise in our data, this time-shift of the Ps phase for varying epicentral distance is negligible.
Each of the stacked radial receiver functions show a strong Ps Moho peak at between 3 and 4 s, and weaker, earlier peaks which are interpreted as being Ps conversions from velocity contrasts within the crust. These apparent Ps crustal conversions are weaker and less continuous with varying backazimuth than Ps Moho. Relatively strong positive peaks occurring between 12 and 13 s delay at DSB, VAL and IOM are most likely to be PpPs Moho multiples. No strong PpPs Moho multiples are observed on radial receiver functions from ESK or GNP, a fact which is not due to the high frequency content of the receiver functions, since no probable multiple phases are seen when lower frequencies are included in the calculation. The lack of strong Moho multiples could be due to a number of factors. For example, a gradational Moho, lateral variation of structure or interference with a multiple phase from a crustal converter. Multiple phases from the apparent intracrustal converters are even more difficult to identify in each case.
The form of the GNP receiver functions is unusual. The low amplitude direct P arrival and early, high amplitude arrival are typical of receiver functions obtained in an area with a strong velocity contrast at a shallow level in the crust. In this case, it is likely that the base of the Main Donegal Granite (thought to be less than 5 km thick; Hutton 1982), on which the station is sited, could explain the apparent presence of shallow structure. The first 2 or 3 s of the receiver function are likely to be dominated by the multiple phases from this boundary, which would obscure any Ps arrivals from the mid-crust. The peak at 3.51 s is likely to be the Ps Moho arrival, so although little information can be hoped to be determined about the mid-crustal structure, information about the Moho should be reliable.
D E P T H C O N V E R S I O N
A simple way to compare a receiver function with a particular velocity model is to use that velocity model to depth convert the first few seconds of the receiver function. This conversion is done by assuming that all the energy in the receiver function comes from P-to-S conversions at different depths, and so any Ps peaks on the receiver function from intracrustal interfaces and from the Moho will be converted to depths and can be compared with the depths of any interfaces on the wide-angle velocity model. The equation
relates the delay time of a Ps phase, t Ps , to the depth at which the conversion took place, z, where V P and V S are the average P-and S-wave velocities above the depth of the conversion and p is the ray parameter (Zhu & Kanamori 2000) . Once a receiver function has been depth-converted using an a priori velocity model, for example from a near by wide-angle model, the depth-converted receiver function can then be directly compared with the velocity model to check the consistency of the velocity model with the receiver function. If the wide-angle velocity model was accurate beneath the seismic station, and all the Ps energy was produced at the layer boundaries in the wide-angle model, the peaks in the depth converted receiver function should occur at the same depths as the layer boundaries in the model.
There are several difficulties in directly comparing receiver function and the results of wide-angle modelling, due to the differences in wavelength, type and ray paths of the seismic waves used in the two techniques. The receiver function technique is sensitive to P-to-S converted waves with teleseismic wavelengths of > ∼ 2 km and subvertical ray paths, whereas the wide-angle technique usually employs P-waves only, which have shorter wavelengths of hundreds of metres and subhorizontal ray paths. The implications of these differences for the application of depth conversion are that the Pand S-wave velocity structure needed to depth convert the receiver functions must be derived from the P-wave wide-angle derived velocity model. Wide-angle velocity models measure the horizontal velocity and so in the presence of crustal anisotropy this velocity could be different to the vertical velocities sampled by receiver functions. Some degree of crustal anisotropy would produce the coherent energy on the transverse receiver functions of Fig. 3 . Jones et al. (1999) show that anisotropy is a possible cause for mismatches between normal incidence and wide-angle seismic profiles although their analysis suggests that the effect is modest. When comparing receiver functions with wide-angle velocity models, a larger uncertainty is the V P /V S ratio which must be known in order to convert the P-wave velocity model into an S-wave velocity model. V P is much better constrained from the wide-angle models and depth conversion is particularly sensitive to V P /V S , which varies globally over a large range (between 1.6-2.3; Zandt & Ammon 1995) . Fortunately, in the region of study there are three independent estimates of V P /V S , so this variable is reasonably well constrained. The main problem with this simple depth conversion method is that it will treat any random noise, artefacts or multiple peaks as if they are Ps peaks, therefore the receiver function needs to be interpreted with care to determine which peaks are most likely to be real Ps phases. Fig. 5 shows depth-converted stacked receiver functions from each of the seismic stations projected onto nearby wide-angle velocity models. In each case, the best constrained, most noise-free stacked radial receiver function was depth converted using a 1-D velocity model extracted from the published wide-angle model at the projection position of the station onto the seismic line. A constant V P /V S of 1.70 was assumed in each case. If the real crustal structure sampled by the receiver functions was identical to the crustal velocity models derived from the wide-angle experiments, and all the energy in the first few seconds of the receiver function was all from P-to-S conversions, then we would expect the peaks on the re- ceiver functions to correlate with the layer boundaries in the nearby velocity models. Although this correlation is not perfect, the general similarity gives confidence that the two data sets are providing results that are broadly consistent.
At DSB, VAL and IOM the peak identified as the Ps Moho peak matches well with the depth of the Moho on the wide-angle velocity model used for depth conversion, and the depths of Ps crustal peaks are close to the depths of intracrustal layer boundaries. The position of the Ps Moho peak on the depth converted ESK receiver function is most consistent with the LISPB velocity model rather than the CSSP/ICSSP velocity model, though the earlier peaks match better with intracrustal layer boundaries in the CSSP/ICSSP model. The depth-converted GNP Ps Moho peak suggests the COOLE velocity model may underestimate the crustal thickness, or that the crustal thickness increases beyond the northern end of the line.
Where the correlation between receiver function peaks and wideangle models is poor, this mismatch could be due to one or more of the following factors:
(i) There could be differences in crustal structure between the location of the seismic stations and the projection point on the wideangle model used for depth conversion, due to lateral variations in velocity structure.
(ii) The P-wave models derived from wide-angle experiments measure the horizontal velocity, which could be different to the vertical velocity in the presence of anisotropy. This would make the P-wave velocity models used for depth conversion of receiver functions inaccurate for the near-vertical ray paths they represent.
(iii) The P-wave velocity models derived from wide-angle experiments could be accurate, yet the differences could be due to inaccurate assumed values of V P /V S , meaning receiver functions are incorrectly depth converted.
(iv) The receiver functions and the wide-angle experiments sample different structures in the crust because of the difference in seismic wavelengths in each case, and/or because receiver functions are most sensitive to S-wave structure while wide-angle experiments are sensitive only to P-wave structure, and the P-and S-wave structure could vary independently.
(v) Some peaks on the receiver functions could be noise, artefacts or multiple phases, and not genuine Ps conversions.
M O D E L L I N G
The modelling philosophy used here is to explore the likely range of uncertainty in the thicknesses of the crustal layers separated by converters which produce the Ps arrivals on the radial receiver functions. Trade-offs between the layer thickness, the P-wave velocity of the layer and the V P /V S ratio within the layer are constrained by estimates of V P for each crustal layer on models derived from the wide-angle experiments close to the stations, and of V P /V S from the WISPA (Ward et al. 1991) , CSSP/ICSSP (Al-Kindi 2002) and ORKNEY-92 (Price & Morgan 2000) experiments. In Section 5.1, the crust is modelled as a single layer and in Section 5.2 it is modelled as a three or four-layer structure. Multiple phases are used in modelling the crustal structure only where they are clearly observed, namely PpPs Moho phases at DSB, VAL and IOM. The division of the crust into discrete, constant velocity layers is no doubt an oversimplification, but the results of wide-angle modelling show the crust to have a layered structure, and the apparent Ps crustal receiver function phases appear to be consistent with the presence of layer boundaries. This approach contrasts widely with inverse modelling techniques, which produce smooth crustal models made up of many thin layers, and which attempt to fit every part of the receiver function.
Modelling Moho phases
It can be seen from eq. (4) that the delay time of a Ps peak from the base of a layer is dependent on four factors: the layer thickness, the average P-and S-wave velocities of the layer and the ray parameter, p, of the incoming teleseismic wave. For the case of the Ps Moho delay time (t Ps Moho ), eq. (4) can be written
where h is the crustal thickness and κ = V P /V S . t Ps Moho can be confidently measured from the receiver function. p is known from the earthquake depth and event-station angular distance. h trades off against the the two remaining unknowns, κ and V P , but by placing sensible a priori constraints on these parameters we can reduce the uncertainty in h to a reasonable level. This analysis is expressed in terms of V P and κ rather than in terms of V S because these parameters are usually the best constrained by previous seismological studies (V S is rarely measured independently), though it should be remembered that the V S structure is the primary control on the form of the receiver function. The resulting trade-offs can be plotted on a graph of V P versus h, contoured in terms of κ (Fig. 6 ).
In this study region, there are good a priori constraints on average crustal V P and V P /V S from previous seismic experiments. Previous estimates of average crustal V P and V P /V S are used to place limits on their likely values beneath each of the seismic stations in this study. The likely range of average crustal V P is set at 6.3-6.7 km s −1 , based on results of the wide-angle experiments shown in Fig. 1(a) . The likely range of the average crustal V P /V S is set at 1.67-1.73, based on results of the WISPA (Ward et al. 1991) If the PpPs Moho multiple peak can be confidently identified on the receiver function, the delay time of this peak can be used as an additional constraint on the crustal velocity structure, since it trades off differently with the other parameters compared to t Ps Moho . The 
Modelling crustal phases
If the consistent arrivals between the direct P arrival and the Ps Moho arrival which produce peaks in each of the three stacked receiver functions are interpreted to represent Ps conversions at intracrustal layer boundaries, a similar analysis can be performed to constrain the thicknesses of these crustal layers. For a multilayered crust, the thickness of each layer is given by
where t Ps is the delay time between the arrival of the Ps conversions from the top and base of the layer. Using this equation, the trade-offs between the thickness of the layers and the V P and V P /V S within the layer can be calculated. Again, the likely ranges of V P and V P /V S must be determined from previous studies. Fig. 7 illustrates the method adopted to constrain thicknesses of intracrustal layers, applied to the ESK receiver function. Fig. 7(a) shows V P versus thickness plots for each of the four identifiable layers as constrained by the observed delays between the three Ps crustal peaks (labelled c 1 , c 2 and c 3 ) and one Ps Moho peak identified from the stacked radial receiver function in Fig. 7(d) . The ranges of V P chosen for each layer are tabulated in Table 2 and shown shaded in Fig. 7(a) . They are based on the wide-angle velocity models of Al-Kindi et al. (2003) and Barton (1992) , which are shown in Fig. 7(b) . The largest uncertainty in layer V P is for layer 4, arising because of the large discrepancy in lower crustal V P in the two wide-angle models (6.9 km s −1 in the LISPB model of Barton (1992) and 7.9 km s −1 in the Al- Kindi et al. (2003) CSSP/ICSSP model). The ranges of V P /V S are based on the results of the nearby WISPA experiment which found upper-and mid-crustal V P /V S values of ∼1.6 and lower crustal values of up to ∼1.9. Note that uncertainty in layer thickness due to uncertainty in V P /V S is approximately three times the uncertainty in layer thickness due to the uncertainty in V P .
The maximum and minimum thicknesses of each layer on the V P versus thickness plots in Fig. 7 (a) vary with V P and V P /V S , forming trapezoidal polygons representing the range of values permitted by the assumed ranges of parameters used. The errors on these estimates resulting from the uncertainty in the values of V P and V P /V S assumed for each layer are of the order of 1-2 km, larger than the errors due to the determination of t Ps from the receiver functions.
The trapezia representing the possible individual layer thicknesses are then plotted on the velocity-depth plots in Fig. 7(b) , along with their conversion into V S . Black polygons show the minimum thicknesses deduced for each layer, and dark grey polygons the maximum. The non-trapezoidal shape of the layer 4 V P minimum thickness polygon is due to the constraint that velocity cannot decrease downwards, and so combinations of lower V P and higher V P /V S within the a priori assumed ranges would result in V S values of lower than that of the layer above are not permitted. Interestingly, this constraint means for the lower crustal V P /V S to be high, as suggested by Ward et al. (1991) , the V P of the lower crust would have to be correspondingly high, to avoid having a low-velocity zone in the V S structure, which would produce a negative rather than a positive Ps peak. High V P and high V P /V S are typical of magmatic underplating. The light grey envelope represents the cumulative uncertainty on the velocity structure, and defines the uncertainty in the depth to particular interfaces, shown as shaded regions. The uncertainty in the depth to an interface increases downwards in the model since the uncertainties of the depths of layer boundaries are cumulative with depth. Determination of Moho depth derived from analysis of the crust as a single layer is also shown, and has smaller uncertainties than that derived from the addition of individual layer thicknesses and their uncertainties, since the combination of extreme values of V P and V P /V S for each layer from within their a priori assumed ranges could result in an artificially extreme average crustal value of either of these two parameters. Fig. 7(b) shows that there is a reasonable agreement between the range of velocity models derived using this method and the two wide-angle models. Any velocity model which has layer thicknesses and velocities in the ranges indicated will produce a synthetic receiver function which will have Ps peaks at delay times which match those in the stacked receiver function. Attempting to reproduce the amplitudes of the Ps peaks places extra constraints on the possible range of velocity models. The main controlling factor on the amplitude of a Ps peak produced from a layer boundary is the magnitude of the V S contrast across the boundary. In this study, more importance is given to fitting the delay time of Ps peaks than their amplitudes, following the arguments of Baker et al. (1996) that the arrival times of peaks on receiver functions are less prone to errors and uncertainties than their amplitudes. It often proved impossible to exactly match the amplitudes of the Ps phases on the stacked receiver functions with a simple-layered model and geologically reasonable velocities. Fig. 7(c) . The particular velocity models were chosen to approximate the relative (and not the absolute) amplitudes of the observed peaks. These synthetic functions illustrate the dependence of the delay time and amplitude of the Ps peaks on the S-wave velocity structure alone. The 'underplate' and 'no underplate' models were chosen to have extreme values of the possible range of P-wave velocities in the lower layer, but similar S-wave velocities, achieved by having different V P /V S ratios, hence the 'underplate' model has high lower crustal V P coupled with a high V P /V S ratio, which is predicted for mafic igneous lower crustal rocks (Weiss et al. 1999) . Due to their similar V S structure, synthetic receiver functions generated from both sets of models have very similar Ps peaks, though there are differences in some of the multiple phases, which are more sensitive to V P structure. This similarity illustrates the difficulty of using receiver functions to conclusively identify the presence of igneous underplating, as it is particularly difficult to constrain the absolute V P structure, and so identify the high V P diagnostic of mafic igneous rocks. Whatever its velocity, there is good evidence that a lower crustal layer is present, which gives rise to Ps conversions at its top and base. Both the LISPB model of Barton (1992) and the CSSP/ICSSP model of Al-Kindi et al. (2003) contain a lower crustal layer, though the thicknesses of both of these are lower than that of the lower crustal layer inferred from the receiver function analysis. The two obvious peaks on the stacked receiver function at about 7 and 9 s are not easily modelled as being multiple phases corresponding to any of the Ps phases. Any attempt to fit these peaks as PpPs multiples requires unfeasible V P and/or V P /V S values. Alternative possibilities are that they could be multiples corresponding to the Ps peaks if the assumption of 1-D velocity structure is not sound and lateral velocity changes or dipping layer interfaces present in the crust have altered the expected delay times for these peaks. Alternatively, they could be Ps phases from converters within the mantle. There seems to be no evidence of a PpPs Moho peak, which could be due to interference with other multiple phases or perhaps more likely be due to a gradational velocity change at the Moho. If the lower crust does contain igneous underplating, the apparent gradational nature of the Moho could imply that the igneous material does not appear as one homogeneous layer, but occurs as sills intruded into both the uppermost mantle and lower crust, resulting in a gradational Moho on the scale of the teleseismic wavelength. Because the delay time and amplitudes of multiple phases are more sensitive to 3-D structure and to the sharpness of layer boundaries, and to possible interference from other phases, multiple phases have not been attempted to be accurately modelled, except in the case of the PpPs Moho multiple on the DSB, IOM and VAL receiver functions.
One assumption necessary for this analysis is that all the peaks in the first 4 s of the receiver function are due to Ps converted phases. If any of the peaks are due to another phase, then the analysis will be misleading. One other potential phase which could occur in the first 4 s of the receiver function is a PpPs crustal multiple from a shallow converter. This possibility should be considered before routine application of this method. In the particular cases of the stacked receiver functions from DSB and IOM, the possibility exists that the third peak could be a multiple of the first peak. For ESK and VAL, the velocities of the shallowest layer required to model the third peak as a multiple of the first are geologically unreasonable. However, for DSB and IOM, this possibility needs to be considered. Fig. 8 shows the combinations of the shallowest layer's thickness, V P and V P /V S required to model the third peak in the DSB and IOM stacked receiver functions as a PpPs multiple of the first peak. The minimal misfit plots outside the assumed a priori range of V P and V P /V S , but the required velocities are geologically reasonable. For this reason, the DSB and IOM receiver functions have been modelled using both three-and four-layer crustal models. The results of modelling the velocity structure beneath DSB, IOM and VAL are shown in Figs 9-11, respectively. Note that VAL was only modelled using four layers. In the other cases, the fit between the synthetic and stacked receiver functions is little different whether or not a threeor four-layer crust is used and whether or not a high V P lower layer is modelled. The resulting bounds on the individual layer thicknesses are also shown in Table 2 . In the case of DSB (Fig. 9 ), the V P and V P /V S of the synthetic models have been chosen such that the shallowest layer boundary creates a PpPs crustal multiple which fits the third peak on the receiver function, and also that the average crustal properties are such that the PpPs Moho phase matches the observed peak. In order to accomplish both of these fits, the V P /V S ratio must decrease with depth, which does not agree with the findings of the WISPA study (Ward et al. 1991) and could be used to argue against the likelihood of the presence of a three-layer crust rather than a four-layer crust, though it should be noted that station DSB is ∼300 km from the location of the WISPA experiment. The results for IOM (Fig. 10) show that the synthetic models produce Ps peaks which match the delay times of the stacked receiver function and with an appropriate choice of average crustal properties also fit the apparent PpPs Moho and PsPs Moho + PpSs Moho peaks. V P /V S can increase with depth in both the three-and four-layer models in this case.
As mentioned above, the receiver functions calculated for station GNP are dominated by reverberations from a strong, shallow converter so no reliable Ps crustal peaks can be identified. Hence, this method of analysis cannot be applied at GNP. The velocity models resulting from this modelling strategy from ESK, DSB, VAL and IOM are compared with wide-angle models in Section 7. First, however, these results are compared and contrasted with the results of an alternative philosophy of modelling receiver functions: inversion.
C O M PA R I S O N W I T H I N V E R S E M O D E L L I N G R E S U LT S
The inverse modelling scheme of Ammon et al. (1990) was applied to the stacked receiver functions so that the results could be compared with the results of the layer thickness modelling. Each receiver function was inverted to find crustal velocity structures, which produce synthetic receiver functions that best fit the stacked receiver function. The starting crustal velocity model in each case was derived from wide-angle velocity models, comprised of 40 layers of between 1 and 1.5 km thickness, depending on the total crustal thickness required to fit the receiver function. Since the results of the inversion algorithm are strongly dependent on the starting model, the starting model is randomly perturbed and the inversion run many times. The V P /V S ratio was fixed at 1.70. Figs 12-16 show the results of the inversion at each of the stations. In each case, the results of the inversion fell into two families, with one set having a faster average crustal velocity and a deeper velocity increase representing the Moho, and one with a slower crust and shallower Moho. The clustering of velocity models into families occurs due to the nonuniqueness of receiver functions, brought about by the strong tradeoffs between layer thickness and velocity. This result illustrates that there are several solutions found by the inversion algorithm which each produce a relatively good fit to the stacked receiver function. This effect is a common feature of the application of the inversion method used (e.g. Ammon et al. 1990) .
The results of the receiver function inversion generally gave good overall fits to the first 20 s of the receiver functions being inverted. However, it is likely that in many cases the data was being overfitted, in that synthetic receiver functions were being forced to fit features, which were either artefacts or features with stacking error bars large enough to mean they should not be interpreted as robust. Conversely, often the better resolved parts of the receiver functions, notably the Ps crustal and Ps Moho peaks in the first few seconds of the receiver functions, are relatively poorly fitted at the expense of better fitting other features.
Negative velocity gradients are common in the results of the inversion, since these are necessary to fit certain negative peaks and to accurately match the amplitudes of the Ps peaks. Low-velocity zones are not readily invoked in modelling of wide-angle seismic experiments, partly because they are difficult to identify using the wide-angle technique. However, it seems unlikely that low-velocity zones are as prevalent in reality as they are in the inversion results. In addition, many of the crustal models generated by the inversion contained seismic velocities, which are unrealistically high or low for their depth in the crust. Hence, it is likely that receiver functions were being overfitted at the expense of geological realism.
Having made these cautionary points, an important conclusion from the inversion results is that the agreement between the inversion results and the Ps delay time modelling is reasonable. The crustal models produced by the receiver function inversion are forced to be as smooth as is possible while still fitting the data, whereas the range of layered models from the Ps delay time modelling are stepped. Reality probably lies between these two extremes. Two factors from the receiver functions constrain the smoothness of velocity increases in the crustal models, which produce synthetic receiver functions that match the observed receiver functions. These two factors are the broadness of the Ps peak and of the multiple phases. Of these factors, by far the most sensitive is the shape of the multiple peaks. Since, of the two methods applied, only the inversion method attempts to model the multiples, the smoother velocity gradients seen in the results of the inverse modelling are likely to be more realistic.
The depth of the velocity increase representing the Moho in the two families is in all cases within the bounds placed on the Moho depth by modelling of the Ps Moho delay time. Gradational Mohos are produced by the inversion in cases where there is no strong PpPs Moho peak on the stacked receiver function, for example, ESK, whereas where a stronger PpPs Moho peak occurs, the Moho is a sharper feature (e.g. DSB). The presence of sharp intracrustal velocity increases in the inversion results is sometimes more difficult to see, but where they are clearly present, they occur at similar depths to that predicted by the Ps crustal delay time modelling.
The similarity between the results of the Ps modelling and the inversion results shows that the simple layered models resulting from the Ps modelling is a valid assumption of the crustal velocity structure giving rise to the receiver functions at the seismic stations used. However, the inverse models illustrate that the layered velocity models are likely to be oversimplified. Layer boundaries in most cases are likely to be gradational rather than discrete steps in the velocity profile, and low-velocity zones could be present. The layered velocity models from the Ps modelling can readily be compared with the results of the wide-angle experiments. Fig. 17 shows the results of constraining crustal layer thicknesses using the Ps delay times and considering the crust both as a single layer and by considering it as comprising four layers, beneath each station (except for at GNP, where only the single layer crust approach is valid). It is clear from Fig. 17 that the four-layer crustal models are close to the wide-angle velocity models in each case. In each case it must also be remembered that the receiver functions used to generate the crustal models are representative of only limited backazimuthal range at each station. The thickness of the layers as determined from receiver functions is dependent on the backazimuth chosen, since only at certain backazimuths are evidence of all postulated crustal layers seen (Fig. 3) . It is unclear how much of this effect is due to lateral thickness variations of layers at each station or due to problems in the detection of the layers at other backazimuths.
C O M PA R I S O N W I T H W I D E -A N G L E V E L O C I T Y M O D E L S
The resolution of wide-angle velocity models varies between experiments, and within the results of modelling one experiment in different parts of the model, principally controlled by ray coverage and density. Typical uncertainties in the wide-angle velocity models considered here are of the order of ±0.3-2 km in depth and ±0.05-0.2 km s −1 in velocities (e.g. Fig. 17c ). The magnitude of these errors are similar to or smaller than the errors on the layer thicknesses calculated from the receiver function analysis, which are typically ±1.5 km. The velocity models at DSB are the most consistent, with the depths to each of the layer boundaries in the Al-Kindi et al. (2003) model being matched to within the error of the receiver function velocity model. It is possible, as discussed above, that a three-layer crustal model could explain the major features of the DSB receiver function, in which case the apparent match of the top of the lower crustal layer in the four-layer model with the top of the lower crustal layer in the Al-Kindi et al. (2003) model would be coincidental. The fact that there is such a good match suggests that the four-layer model is more likely to be appropriate. The IOM velocity models are more inconsistent. The wide-angle model predicts a thick lower crustal layer, but the four-layer receiver function model finds evidence for only a relatively thin lower crustal layer above a Moho which is at the same depth, within error, as the wide-angle model. Again it is possible that a three-layer model is just as appropriate as the four-layer model. It is difficult to assess whether the models derived from receiver functions or the wide-angle model is most likely to be closest to the true velocity structure. There were many fewer receiver functions calculated for the IOM compared to the permanent stations, and so the receiver function model is less well constrained. Also the IOM is located above one of the least well resolved parts of the Al-Kindi et al. (2003) model, as it occurs near the junction point of the two halves of the line, ICSSP to the west and CSSP to the east, and the ray coverage in this part of the model is relatively sparse. The thickness of the lower layer in the four-layer receiver function model is constrained as being thinner than the best estimate of the crustal layer in the Al- Kindi et al. (2003) model, with a maximum thickness of 6.5 km. One significant result from the IOM receiver functions is that the structure interpreted as the top of the underplate in the Al- Kindi et al. (2003) model cannot be an anomalously shallow Moho. Fig. 6 shows that a 24-km-deep Moho beneath IOM would require an unfeasibly low crustal velocity and high V P /V S ratio in order to produce the observed Ps Moho delay time on the receiver functions. The ESK velocity model provides the best opportunity to assess the differences between the LISPB and CSSP/ICSSP models at their intersection, but it seems that both wide-angle models match the ESK model equally well within the errors of the analysis, particularly in the upper part of the crust. The lower crustal layer is thinner in both of the wide-angle models compared to the receiver function model. Crucially, as discussed earlier, the receiver function technique does not allow accurate determination of the P-wave velocity of the lower layer, which is the most obvious difference between the two wide-angle models, and one which is most important for the underplating hypothesis. The receiver function model does, however, favour the slightly deeper Moho of the LISPB model. The apparent deepening of the Moho beneath ESK implied by the receiver function results is probably the most well resolved and significant difference from the Al- Kindi et al. (2003) CSSP/ICSSP model, requiring either a real thickening of the crust, or otherwise a changing average velocity of the crust between IOM and ESK. The receiver function results of Tomlinson et al. (2003) show an increase in the delay time of the Ps Moho at stations located to the north of the surface trace of the Iapetus Suture. An increase in crustal thickness is seen at this approximate position in the LISPB model of Barton (1992) , which shows a much more variable crustal thickness than the CSSP/ICSSP model of Al-Kindi et al. (2003) , perhaps because the LISPB line runs perpendicular to the Caledonian structural grain, and the CSSP/ICSSP line runs parallel to it. Hence, one possible explanation is that the DSB and IOM are situated on thinner Avalonian crust, south of the Iapetus Suture, whereas ESK is situated on thicker Laurentian crust north of the suture line (Fig. 1a) .
VAL is situated near the western end of the CSSP/ICSSP line, where the presence or absence of the lower crustal layer in the Al- Kindi et al. (2003) velocity model is poorly constrained due to poor ray coverage. VAL is, however, close to the VARNET B line, which only found evidence for high lower crustal velocities just above the Moho, at the base of a lower crustal layer in which velocities increase downwards. Although the VAL receiver function seems more compatible with the VARNET B model than with the CSSP/ICSSP model, the Ps Moho peak is broad, so a thin, highvelocity layer at the base of the crust as in the CSSP/ICSSP model would be consistent with the receiver function.
Finally, the GNP receiver function data only provides reliable information on the position of the Moho, which is found to be at a similar depth to the Moho beneath most of the other stations, and implies the crust is thicker there than was found from the modelling of the COOLE wide-angle line further south by Lowe & Jacob (1989) .
C O N C L U S I O N S
We have calculated a total of 276 receiver functions from five broadband three-component seismometers across the British Isles, though for some stations only limited numbers were obtained. Data quality is good and there is evidence for Ps conversions from intracrustal layers and from the Moho. The intracrustal layers are not uniformly visible on receiver functions from all backazimuths at any station and so we have stacked receiver functions with subsets of backazimuths for more detailed analysis. Nonetheless, the Moho is visible and some of the intracrustal layering is evident over all backazimuths. Backazimuthal variability on radial and transverse receiver functions demonstrates that structure probably changes laterally to some degree beneath each station and that crustal and lithospheric mantle anisotropy may occur. These complications are unlikely to alter the main conclusions of our analysis.
Depth converting receiver functions using a nearby velocity model from a controlled source experiment is a useful way of relating Ps peaks on the receiver function to layer boundaries in the velocity model and hence assessing the consistency of the two methods in detecting similar crustal structures. In general, a good agreement was found between the two methods.
Simple, layered crustal velocity models were derived from the delay times of P-to-S converted phases observed on receiver functions using certain a priori velocity constraints. Although simple, these layered models are designed to fit the best constrained and most reliable parts of the receiver function, the Ps crustal and Ps Moho phases which are less likely to be contaminated by 3-D velocity variations and interference from other phases than the later multiple phases. The inversion method results in better fits to the whole of a given receiver function, though not necessarily to the best resolved parts, and potentially overfits less reliable features. The velocity models resulting from the inversion scheme often contain geologically unreasonable velocities and are generally complex, often containing several low-velocity zones. Although this complexity may be real, the simpler layered velocity models calculated here capture the main important features and can more easily be directly compared with the results of wide-angle experiments, which are also simple, layered velocity models. The agreement between the receiver function-derived and wide-angle velocity models is generally good.
There are two issues which can be addressed concerning the likely presence or absence of underplated igneous material. First, whether or not a lower crustal layer is present and second, whether or not this layer could be composed of igneous material. Because the receiver functions could not provide any information on either the absolute or relative P-wave velocity or V P /V S ratio of the lower crustal layer, it is impossible to use the receiver function data to constrain the composition of the layer. Evidence from the ESK receiver function does, however, show that if the lower crustal V P /V S ratio is high, as suggested by the WISPA survey (Ward et al. 1991) , the V P of the layer would also have to be high to produce the observed receiver function.
The receiver function data can be used to determine the likely presence and thickness of a lower crustal layer. The data do suggest the presence of a lower crustal layer at each station, though at DSB and IOM a three-layer crust could equally explain the receiver functions (given quite specific V P /V S structures). A test of the Al- Kindi et al. (2003) CSSP/ICSSP velocity model's lower crustal layer can be made using the ESK, IOM, DSB and VAL receiver functions. ESK is located close to where the CSSP/ICSSP and LISPB wideangle lines intersect and the two published velocity models for these lines disagree. The ESK receiver function model favours the deeper Moho of the Barton (1992) LISPB model, and suggests the lowermost crustal layer may be thicker than in either wide-angle model. If the four-layer receiver function models at DSB and IOM are correct, the lenticular nature of the Al-Kindi et al. (2003) lower crustal layer, which is thickest beneath the Irish Sea seems incompatible, as there is evidence for a thinner lower crustal layer beneath IOM than beneath ESK and DSB. The broad Ps Moho arrival at VAL could be consistent with a continuation of the Al- Kindi et al. (2003) lower crustal layer right up to its western end, but with a thickness too small to be resolved as two separate peaks on the receiver function. The VARNET B velocity model of Masson et al. (1998) contains high velocities at the base, which could be consistent with this interpretation. The likelihood of the presence of a lower crustal layer beneath GNP is difficult to assess due to the overprinting of any primary Ps crustal phases by reverberatory phases from a shallow structure, probably the base of the Main Donegal Granite.
If a lower crustal layer of igneous underplating does exist, Palaeocene underplating is only one of several possibilities for its origin. There are three periods during the Phanerozoic era when magmatic activity has occurred which could have resulted in magmatic underplating in this area. First, there was island arc volcanism during Ordovician times on the Avalonian margin of the subducting Iapetus Ocean (Woodcock & Strachan 2000) , the present surface expression of which is found in the granites of the English Lake District and the Leinster region of Ireland. Secondly, there was Carboniferous igneous activity in Scotland, Ireland and England, associated with lithospheric extension (Woodcock & Strachan 2000) . Thirdly, and most recently, there was the Palaeocene magmatism due to the Iceland mantle plume (e.g. Cox 1980; Al-Kindi et al. 2003; Arrowsmith et al. 2005) .
Perhaps the best way to distinguish between these three possibilities is to attempt to map the high-velocity layer in three dimensions and assess which hypothesis of its origin is most compatible with its geometry, and, crucially for the Palaeocene hypothesis, whether or not the geometry of the layer corresponds to the pattern of Cenozoic denudation. The receiver function technique presented here may be useful in identifying areas which appear to have a lower crustal layer and measuring any thickness variations in such a layer, though wide-angle seismic experiments would be required to constrain the detailed geometry and internal velocity of the layer.
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